Multiple myeloma is a radiosensitive malignancy that is currently incurable. Here, we generated a novel recombinant vesicular stomatitis virus [VSV(⌬51) 
Introduction
Multiple myeloma is a malignancy of antibody-secreting plasma cells that reside predominantly in bone and bone marrow and secrete a monoclonal immunoglobulin. 1 The disease responds initially to alkylating agents, corticosteroids, and thalidomide, but eventually becomes refractory. 2 Multiple myeloma remains incurable causing more than 10 000 deaths each year in the United States. 3 Although cultured myeloma cells are relatively resistant to radiotherapy in vitro, 4 ,5 the malignancy is highly radiosensitive and radiation therapy is routinely used for palliation of pain, neurologic compromise, or structural instability from focal myeloma deposits. Efforts to use radiation as a systemic modality for definitive therapy of myeloma, however, have been problematic because of collateral toxicity to normal tissues especially the bone marrow progenitor cells. 6, 7 Developing novel therapies for multiple myeloma based on the targeted delivery of radioisotopes to sites of active disease may have important clinical implications for myeloma therapy.
Gene transfer using the thyroidal sodium iodide symporter (NIS) gene offers a novel strategy for delivery of radionuclides to disseminated cancer cells. 8 NIS is a transmembrane protein in thyroid follicular cells that actively mediates iodide uptake to a concentration gradient more than 20 to 40-fold. 9 Cloning the human NIS cDNA has aided in imaging and therapy of dedifferentiated thyroid cancer and nonthyroid cancers such as glioma, neuroblastoma, melanoma, multiple myeloma, and ovarian, breast, cervix, lung, liver, and colon carcinoma. 10 Tissue-specific NIS expression has been achieved in various cancer xenografts with minimal toxicity to normal organs by using promoters and enhancers from genes encoding immunoglobulins, prostate-specific antigen, probasin, and mucin-1. [11] [12] [13] [14] [15] [16] Cancer therapy using oncolytic viruses (oncolytic virotherapy) requires agents that amplify efficiently through replication and spread causing rapid tumor lysis, yet are safe causing minimal toxicity to normal tissue enabling systemic inoculations to treat metastatic cancers. 17, 18 We previously engineered the NIS gene into a lymphotropic, replication-competent attenuated strain of measles virus (MV-NIS) 19 that was subsequently used for oncolytic virotherapy of myeloma xenografts. Intratumoral spread of MV-NIS could be monitored noninvasively by radioiodine imaging and virus-resistant tumors were ablated after administration of 131 I. 20 A phase I clinical trial to evaluate the targeting properties of MV-NIS in patients with recurrent or refractory myeloma is ongoing at our institution. Several RNA viruses other than measles virus, including reovirus, Newcastle disease virus, mumps virus, and vesicular stomatitis virus (VSV), are being developed as systemic oncolytic agents for cancer therapy. 18, 21 Each of these viruses has its own distinct cell-targeting mechanism and each one kills tumor cells by a different mechanism and with different kinetics. VSV is a negative-strand RNA virus classified under the family Rhabdoviridae, group vesiculoviruses, that has shown some promise as an antimyeloma agent in published preclinical studies. 22, 23 VSV(⌬51) is an engineered mutant of VSV in which residue 51 of the matrix protein is deleted such that the matrix protein can no longer block the nuclear export of interferon-coding mRNAs. VSV(⌬51) therefore induces the expression of alpha/beta interferons (IFN-␣/␤), which prevent the infection from spreading in normal cells, but not in cancer cells. [24] [25] [26] In the present study, we generated and characterized a novel oncolytic virus, VSV(⌬51)-NIS. The growth kinetics, oncolytic ability, and virus-encoded NIS transgene function were evaluated in vitro in myeloma cell lines and in primary samples from myeloma patients. In vivo studies used the 5TGM1 murine myeloma cell line, a variant of 5T33MM that originated spontaneously in aging C57BL/KaLwRij mice. 27 Both intratumoral and intravenous administrations of VSV(⌬51)-NIS showed pronounced oncolytic activity in bg/nd/xid mice bearing subcutaneous 5TGM1 myeloma tumors. Intratumoral spread of the VSV(⌬51)-NIS infection could be noninvasively and serially imaged by planar radioiodine scintigraphy and the data used for dosimetric calculations. In the syngeneic 5TGM1 model, regression of subcutaneous tumors was achieved in immunocompetent mice by intratumoral or intravenous administration of VSV(⌬51)-NIS, and the potency of this treatment could be further enhanced by subsequent administration of iodine-131 ( 131 I). Improved survival was also achieved in immunocompetent mice bearing orthotopic 5TGM1 myeloma tumors after radiovirotherapy. Based on its safety, oncolytic potency, and the feasibility of NIS-mediated radioiodine imaging and radiovirotherapy in multiple myeloma models, we believe that VSV(⌬51)-NIS is a promising experimental agent for the treatment of this disease.
Materials and methods

Cells
Myeloma cell lines were obtained from the American Type Culture Collection (MPC-11, CCL-167; ATCC, Manassas, VA), or were from Dr Rafael Fonseca (JJN-3, MM1) or Dr Diane Jelinek (RPMI 8226, KAS 6/1) at the Mayo Clinic (Rochester, MN). These were grown in RPMI 1640 supplemented with heat-inactivated 10% fetal bovine serum, 100 U/mL penicillin, and 100 mg/mL streptomycin; KAS 6/1 cells were supplemented with interleukin-6 (IL-6, 1 ng/mL). The 5TGM1 murine myeloma cell line (Dr Babatunde O. Oyajobi, University of Texas Health Science Center at San Antonio, TX) was grown in Iscove-modified Dulbecco media with 10% fetal bovine serum and penicillin-streptomycin antibiotics. African green monkey kidney cells (CCL-81, Vero) and mouse bone marrow stromal cells (SR-4987, CRL-2028) from ATCC were maintained in Dulbecco-modified Eagle medium containing 10% fetal bovine serum. Normal human skin fibroblasts (GM-5659D) were from the Coriell Institute for Medical Research (Camden, NJ). Primary cells (CD138 ϩ myeloma cells and CD138 Ϫ or normal bone marrow progenitor cells) were obtained from the bone marrow of patients with advanced myeloma disease. 5 All tissue culture reagents were purchased from Gibco BRL (Rockville, MD).
Viruses
Polymerase chain amplification of human NIS has been described before. 20 VSV(⌬51)-NIS was generated using the established method of reverse genetics. 28 Briefly, the VSV(⌬51)-NIS genome was constructed by subcloning NIS cDNA into a plasmid encoding VSV(⌬51) at XhoI/NheI restriction sites within an extra cistron between the G and L genes. 26 This plasmid was used to rescue a recombinant VSV(⌬51)-NIS virus as described previously. 28 VSV(⌬51)-green fluorescent protein (GFP) contains an extra cistron-encoding GFP inserted between the G and L sequences. 29 VSV-GFP (Indiana strain) 29 was provided by Dr Glen N. Barber, University of Miami School of Medicine, Miami, Florida.
For amplification of recombinant VSVs (rVSVs), Vero cells were plated at a density of 1.5 ϫ 10 6 cells/flask. Cells were infected the next day at a multiplicity of infection (MOI) of 0.01 for 1 hour. Virus was then removed and cells were incubated at 37°C in a CO 2 incubator until complete virus-induced cytopathic effect were seen. Culture medium was harvested, subjected to low-speed centrifugation, and filtered through a 0.45-M filter. The supernatant was loaded on top of sucrose (10% w/v) and centrifuged at 70 000g for 2 hours to pellet the particles. For virus titration, Vero cells were grown on 96-well plates (7 ϫ 10 3 cells/well/0.05 mL) and infected with 0.05 mL of serially diluted virus stock. Cells were incubated at 37°C in a CO 2 incubator. Tissue culture infectious dose (TCID) 50 values were determined by the Spearman and Karber equation: Log10 (TCID 50 / mL) ϭ L ϩ d (s Ϫ 0.5) ϩ log10 (1/v) as described before. 30 Virus stocks were stored at Ϫ80°C.
In vitro cytotoxic activity
Cytotoxicity of VSV(⌬51)-NIS on human and mouse myeloma cell lines was measured using the standard method of MTT [3-(4,5-dimethylthiazolyl-2)-2,-5-diphenyltetrazolium bromide] assay as described before. 5, 31 Briefly, cells were mock-infected or infected with VSV(⌬51)-NIS (MOI ϭ 1.0, 30 minutes at 37°C), unabsorbed virus was washed out, and cells were seeded into 96-well microplates at 10 4 cells per well in 0.1 mL medium. Plates were incubated for 24 or 48 hours, followed by the addition of .01 mL of MTT to each well. The mixture was incubated for 3 hours at 37°C. Formazan was extracted from the cells with 0.1 mL detergent and the color intensity was measured with a microplate enzyme-linked immunosorbent assay reader. Experiments were performed in triplicate. Results were recorded as percentage absorbance relative to untreated control cells and used to calculate cell death by VSV(⌬51)-NIS.
In vitro 125 I uptake studies
Iodide uptake studies were performed as described before. 20 Cells (5TGM1 or Vero; 1.5 ϫ 10 5 cells/well) were plated into 12-well plates. The next day, cells were washed and incubated in serum-free Dulbecco-modified Eagle medium with VSV(⌬51)-NIS at an MOI of 1.0. After 30 minutes of incubation at 37°C, cells were washed and the medium was replaced with complete Iscove-modified Dulbecco media (5TGM1) or complete Dulbeccomodified Eagle medium (Vero) and incubated at 37°C for 48 hours before 125 I uptake. Cells were washed with Hanks balanced salt solution containing 10 mM HEPES [4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid]. All wells, including the mock-infected wells, were incubated with an activity of 10 5 counts per minute (cpm) sodium-125 (Na 125 ) I/0.1 mL in 1 mL Hanks balanced salt solution containing HEPES. In controls, 100 M KClO 4 was added to inhibit NIS-mediated iodide influx. Plates were incubated at 37°C for 45 minutes and then transferred to ice to inhibit the efflux after removal of I Ϫ from the medium. Cells were washed twice with ice-cold Hanks balanced salt solution containing HEPES buffer. Cells were lysed with 1 M NaOH and the activity in the lysis buffer was determined by gamma counting. All data points were measured in triplicate and displayed as means plus or minus the SEM.
In vivo experiments
Animal studies were approved by the Animal Care and Use Committee, Mayo Clinic. Beige/nude/X-linked immunodeficient (bg/nd/xid, NIH background) mice at 5 to 8 weeks of age were purchased from Harlan Sprague Dawley (Indianapolis, IN) and immunocompetent C57BL/KaLwRij mice (4-to 6-week-old) were purchased from Harlan CPB (Horst, The Netherlands). For subcutaneous engraftment mice were injected with 5 ϫ 10 6 5TGM1 cells subcutaneously and blindly randomized to experimental and control groups. Serial caliper measurements of perpendicular diameters were used to calculate tumor volume using the following formula: (shortest diameter) 2 ϫ (longest diameter) ϫ 0.52. All VSV(⌬51)-NIS treatment began after development of measurable tumors on day 7 (tumor measurements averaged 100 mm 3 ). Two doses of VSV(⌬51)-NIS were administered either intratumorally or intravenously on days 8 and 9 after cell implantation while the control group received phosphate-buffered saline (PBS; pH 7.4, intratumorally) or VSV(⌬51)-GFP (intratumorally). The virus dose was 5 ϫ 10 7 TCID 50 /mouse/dose/0.1 mL for bg/nu/xid and 2.5 ϫ 10 8 TCID 50 / mouse/dose/0.1 mL for C57BL/KaLwRij mice. In radiovirotherapy experiment, 131 I (1 mCi/37 MBq) was administered intraperitoneally on day 10 after tumor implantation in specific groups. Mice were observed daily for signs of toxicity and weighed weekly. Animals were killed by CO 2 asphyxiation if the tumors became necrotic or grew to more that 10% of the mouse's weight. In the orthotopic 5TGM1 myeloma model, VSV(⌬51)-NIS (2.5 ϫ 10 8 TCID 50 /mouse/dose/0.1 mL) was administered intravenously on days 12 and 13 after intravenous injection of 5 ϫ 10 6 5TGM1 cells (myeloma burden is approximately 30% in bone marrow). 31 131 I was administered intraperitoneally on day 14. Myeloma paraprotein (IgG2b) levels were measured on days 12 and 29 days, respectively, after cell engraftment as described before. 31 In a separate experiment, bg/nu/xid mice (n ϭ 6) were killed on days 1 and 3 after virus infusion into the tail vein, tumors were harvested aseptically, and weighed. Tumors were then mechanically minced using frosted glass slides. Cellular debris was removed by low-speed centrifugation and virus titers were determined by limiting dilution on Vero cells. For toxicity studies, bg/nu/xid mice (n ϭ 5/group) were injected with 0.2 mL PBS containing VSV-GFP, VSV(⌬51)-NIS, or VSV(⌬51)-GFP via tail vein injection. Mice were monitored for weight loss, liver or kidney damage, and signs of neurotoxicity such as huddling behavior, respiratory distress, and hind limb paralysis.
Histology and immunohistochemical staining
The bg/nu/xid mice were killed on days 1 and 4 (n ϭ 4/group/time point) after virus administration, and their tumors were fixed in 4% formaldehyde overnight and paraffin-embedded. Serial sections (4 m) were used for either hematoxylin and eosin staining or immunochemistry using polyclonal rabbit antibodies against VSV glycoprotein-G (provided by Dr John C. Bell, University of Ottawa, Canada). Other reagents were from a Vecastain antirabbit kit (Vector Laboratories, Burlingame, CA). Endogenous peroxidase activity was blocked by incubating with 3% H 2 O 2 followed by blocking of nonspecific epitopes with normal goat serum. Sections were incubated with anti-VSV-G antibody (1:5000, 1 hour), followed by antirabbit biotinylated secondary antibody. The avidin:biotinylated enzyme complex was added and the antigen was localized by incubation with 3,3-diaminobenzidine. Sections were counterstained with hematoxylin.
I in vivo imaging studies
123 I animal imaging was performed on days 1 and 4 after VSV(⌬51)-NIS infection using a high-resolution micro-single photon emission computed tomography/computed tomography system (X-SPECT; Gamma Medica Ideas, Northridge, CA). Because of the large sample sizes, planar imaging only was performed. Image acquisitions were obtained 3 hours after intraperitoneal injection of 123 I (.5 mCi/18.5 MBq) using a low-energy, high-resolution parallel-hole collimator with a 12.5-cm field of view. Image acquisition time was 5 minutes with a 159 KeV energy (window Ϯ 10%).
Quantitation of intratumoral radioisotope uptake was performed using a region-of-interest image analysis method previously described and validated. 32 PMOD Biomedical Image Quantification and Kinetic Modeling Software (PMOD Technologies, Zurich, Switzerland) was used for image analysis. All planar images were adjusted for equal image intensity. Corresponding total intratumoral pixel counts were converted to activity using an equation derived from previously scanning a 123 I standard containing a known amount of radioactivity (data not shown). Background uptake was measured and corrected for by region-of-interest image analysis of the normal opposite flank tissue and subtracted from intratumoral activity measurements obtained by region-of-interest image analysis of the tumor uptake. Whole-body activity (injected dose) in each of the mice was determined by measuring activity in the syringe in a National Institute of Standards and Technology-calibrated dose calibrator before and after injection. Percent of injected dose (%ID) in the tumor was calculated by dividing intratumoral radioactivity (corrected for background) by wholebody activity (corrected for decay and time of imaging). The calculated radioiodine uptake in the VSV(⌬51)-NIS-positive tumor is considered specific for NIS gene expression. The %ID in groups receiving PBS and VSV(⌬51)-NIS either intratumorally or intravenously were compared between days 1 and 4 to determine the optimum day for acquiring tumor-specific signal.
The absorbed radiation dose estimates in tumors were calculated by applying the Medical Internal Radiation Dose concept. For 123 I, Petrich et al 33 reported an effective half-life (which includes both the biologic turnover of iodine and physical radionuclide decay) of 6.5 hours. The biologic half-life (which represents the biologic turnover of iodine in the lesion) of radioactive iodine was thus calculated as 12.8 hours using the following equation: 1/T(Effective) ϭ 1/T(Physical) ϩ 1/T(Biological). The effective half-life for 131 I was calculated as 12 hours. T(Physical) was taken as 13.2 hours and 192 hours for 123 I and 131 I, respectively. The tumor dose (Gy/MBq) for 131 I was calculated based on in vivo uptake data of 123 I. The radiation dose from 131 I in a tumor was calculated as Dose ϭ C o ϫ 1.443 ϫ T(Effective) ϫ S, where C o is the peak activity or count density, T(Effective) is the effective half-life (in hours), and S is the radiation dose per cumulated activity in the tissue. 34 
Statistical analyses
The GraphPad Prizm 4.0 program (GraphPad Software, San Diego, CA) was used for data handling, analysis, and graphic representation. Survival curves were plotted according to the Kaplan-Meier method and survival function across treatment groups was compared using log-rank test analyses.
Results
In vitro characterization of VSV(⌬51)-NIS
VSV(⌬51)-NIS was generated by cloning human NIS cDNA as an additional transcription unit between the G and L sequences of the VSV genome (Figure 1 ). The oncolytic activity of VSV(⌬51)-NIS was ascertained in 6 different myeloma cell lines of human and mouse origin. Cells were either mock-infected or infected with VSV(⌬51)-NIS at an MOI of 1.0, and cell viability was assessed by methyl-thiazol-tetrazolium (MTT) assay (Figure 2A ). At 48 hours after infection, the percentage viability was less than 20% for all myeloma cell lines. Under similar conditions, normal mouse stromal cell line (SR-4987) and human skin fibroblasts showed minimal cell death with more than 80% cells alive at 48 hours after infection. Studies were extended to primary bone marrow samples from 3 myeloma patients. Each sample was sorted for CD138 ϩ (myeloma cell) and CD138 Ϫ (normal cells) fraction, infected with VSV(⌬51)-NIS at MOI of 1.0, and assayed at 48 hours after infection. Cell viability of mock-treated CD138 ϩ and CD138 Ϫ cells was used to calculate percent cell viability at 48 hours after VSV(⌬51)-NIS infection. Specific killing of CD138 ϩ myeloma cells (78%-84%) was noted ( Figure 2B ), whereas the CD138 Ϫ cells were resistant to VSV(⌬51)-NIS-mediated cytolysis. We conclude that VSV(⌬51)-NIS efficiently and specifically replicates in and kills the myeloma cells.
One-step growth curves were performed to assess the growth kinetics and maximum virus yields of VSV(⌬51)-NIS in 5TGM1 cells ( Figure 2C ). The growth curves were compared with those of VSV(⌬51)-GFP. 26 At 24 hours, the progeny virus titers for VSV(⌬51)- GFP and VSV(⌬51)-NIS were 10 8 and 5 ϫ 10 6 TCID 50 /mL, respectively. Both viruses showed maximum virus yields at 72 hours with titers for VSV(⌬51)-GFP and VSV(⌬51)-NIS of 4.7 ϫ 10 9 and 3.5 ϫ 10 8 TCID 50 /mL, respectively. These data show that VSV(⌬51)-NIS replicates slower than VSV(⌬51)-GFP in 5TGM1 cells.
To study if the virally expressed NIS protein was functional in VSV(⌬51)-NIS infected cells, in vitro iodide uptake assays were performed as described before. 20 Compared with mock-infected cells, iodide accumulation in 5TGM1 and Vero cells was 4.3-fold and 38.8-fold higher, respectively ( Figure 2D ). These uptake studies show proof of virus-driven NIS protein expression and its proper targeting to the plasma membrane.
In vivo characterization of VSV(⌬51)-NIS
Immunocompromised mice engrafted with subcutaneous 5TGM1 myeloma tumors were treated with VSV(⌬51)-NIS, then monitored for intratumoral virus replication and tumor response. On day 4 after intravenous or intratumoral administration of VSV(⌬51)-NIS, strong VSV-G-specific immunoreactivity was seen in the tumors of virus-treated groups while the control tumors scored negative ( Figure 3A) . Both intratumoral and intravenous administration resulted in high viral titers in the subcutaneous tumors on days 1 and 3 after virus administration ( Figure 3B ). Interestingly, intratumoral administration of VSV(⌬51)-NIS led to higher intratumoral viral titers on day 1 compared with day 3 (2.2 ϫ 10 11 and 2.7 ϫ 10 10 TCID 50 /mg on days 1 and 3, respectively). Conversely, for the group receiving intravenous VSV(⌬51)-NIS, the viral titers were higher on day 3 (8.7 ϫ 10 9 to 7.7 ϫ 10 10 TCID 50 /mg for days 1 and 3, respectively). For both intratumoral and intravenous groups, a 100-fold lower virus titer was observed by day 7 (data not shown).
To determine the safety of intravenous administration of VSV(⌬51)-NIS in bg/nu/xid mice, toxicity studies were performed in animals (n ϭ 5/group) treated with VSV-GFP, VSV(⌬51)-GFP, or VSV(⌬51)-NIS (2 doses of 5 ϫ 10 7 TCID 50 /dose). By day 12 after virus administration, all of the mice receiving VSV-GFP were dead, with signs characteristic of VSV-induced neurotoxicity. 26, 29, 35 Mice receiving VSV(⌬51)-NIS showed no signs of VSV-induced neurotoxicity even 2 months after virus treatment. In the VSV(⌬51)-GFP group, one animal died on day 24 after virus administration for unknown reasons. A detailed necropsy was not performed but the brain was excised, homogenized, and incubated with Vero cells, and no virus-induced cytopathic effect was detected at 72 hours (data not shown). These toxicity data show that VSV(⌬51)-NIS can be safely administered by the intravenous route even in immunocompromised bg/nu/xid mice at a dose of 10 8 TCID 50 ( Figure 3C ).
To evaluate the potential of NIS as a reporter gene for noninvasive localization of virus infected cells, planar gamma camera scintigraphy was performed to determine the biodistribution of 123 I in VSV(⌬51)-NIS treated bg/nu/xid mice. Whole-body images of the virus-treated animals showed definite iodide uptake by the VSV(⌬51)-NIS infected tumors, whereas no iodine signal was seen in the tumors of control mice injected with PBS ( Figure  4A ) or with VSV(⌬51)-GFP (data not shown). Quantitation of intratumoral radioisotope uptake showed that the percentage injected radioiodine dose (%ID) taken up by these tumors was 0, 4.1, or 7.0 for the control, intratumoral, and intravenous VSV(⌬51)-NIStreated mice, respectively ( Figure 4A ). Iodide accumulation was also seen in the thyroid and the stomach, organs known to express endogenous NIS, and in the bladder as a result of iodide excretion via the kidneys.
To determine whether analysis of planar gamma camera images could be used to monitor intratumoral virus propagation, mice were BLOOD, 1 OCTOBER 2007 ⅐ VOLUME 110, NUMBER 7 For personal use only. on July 15, 2017. by guest www.bloodjournal.org From serially imaged on days 1 and 4 after VSV(⌬51)-NIS administration and tumor specific activity at each of these time points was calculated and expressed as %ID ( Figure 4B ). The %ID for all groups at day 0 was set to 1 and the fold-increase was calculated at day 4 (n ϭ 4/group). On day 4, the fold-increase in %ID in the tumors of mice receiving VSV(⌬51)-NIS by intratumoral or intravenous routes was 8.1 (Ϯ 2.4) and 5.5 (Ϯ 0.9), respectively. The control group receiving PBS showed a nonsignificant change from 1 to 1.3 (Ϯ 0.4) in tumor radioiodine uptake. When tumor sizes were compared between the virus-treated and control groups, the average tumor sizes for the groups receiving VSV(⌬51)-NIS did not change significantly from day 1 to day 4. However, in the control group the untreated tumors tripled in size between days 1 and 4. (Figure 4C ).
In vivo virotherapy of myeloma tumors with VSV(⌬51)-NIS
To evaluate the in vivo oncolytic potency of the VSV(⌬51)-NIS virus, bg/nu/xid mice bearing subcutaneous 5TGM1 tumors (n ϭ 10/ group) were given 2 doses of VSV(⌬51)-NIS (5 ϫ 10 7 TCID 50 / dose) by IT or IV injection, whereas control mice (n ϭ 5) received PBS by the same route. In control mice, rapid tumor growth was observed whereas tumor growth was arrested in mice treated with VSV(⌬51)-NIS, IT or IV ( Figure 5A ). The average survival time for control animals receiving PBS was 22 days after tumor engraftment, whereas the average survival times for mice receiving VSV(⌬51)-NIS (intratumorally or intravenously) were 38 days (P Ͻ .001) or 37 days (P Ͻ .001), respectively. These studies show that, in the absence of a functional immune system, VSV(⌬51)-NIS has oncolytic activity against myeloma tumors in vivo.
Dosimetric calculations
To determine whether a therapeutic effect might be achieved by combining VSV(⌬51)-NIS with the radionuclide 131 I, in vivo imaging studies with 123 I were performed and the data were used for dosimetry calculations (Table 1) . Assuming a total 131 I dose of 1 mCi, predicted tumor-absorbed doses were estimated to be 18.4 (Ϯ 5.9) Gy (n ϭ 20, P ϭ 0.03) and 11.6 (Ϯ 2.3) Gy (n ϭ 20, P ϭ .02), with VSV(⌬51)-NIS given IT or IV, respectively, on day 1 after virus administration. The predicted tumor absorbed dose for the control group was 4.2 (Ϯ 2.1) Gy. These results illustrated how 123 I biodistribution data can be used for dosimetric calculations to estimate potential tumor absorbed doses for radiovirotherapy studies and suggested that the administration of 131 I could enhance the therapeutic efficacy of VSV(⌬51)-NIS therapy.
VSV(⌬51)-NIS for radiovirotherapy of subcutaneous and orthotopic myeloma in immunocompetent mice
To determine whether administration of 131 I could enhance the therapeutic efficacy of VSV(⌬51)-NIS therapy, we used the syngeneic immunocompetent 5TGM1 murine myeloma model ( Figure 6 ). For these experiments the total virus dose was increased from 10 8 TCID 50 to 5 ϫ 10 8 TCID 50 because VSV particles can be rapidly inactivated by the host immune system. 18 Initial studies were conducted in immunocompetent C57BL/ KaLwRij mice bearing subcutaneous 5TGM1 tumors. The tumors Dosimetric calculations were based on imaging studies (with 123 I) performed on day 1 after virus administration in mice bearing subcutaneous 5TGM1 myeloma tumors. Mice were given PBS or VSV (⌬51)-NIS (5 ϫ 10 7 TCID50/dose, 2 doses given 24 hours apart) by intratumoral or intravenous routes.
MIRD indicates medical internal radiation dosimetry. *Nϭ10. †Nϭ20.
progressed rapidly in control mice ( Figure 6 , Table 2 ). With intratumoral and intravenous injections of VSV(⌬51)-NIS or VSV(⌬51)-GFP, tumor growth was suppressed until day 5 after therapy, after which the tumors grew rapidly. In mice receiving VSV(⌬51)-NIS followed by a therapeutic dose of 131 I, the growth of tumors was arrested until day 15 after therapy. 131 I significantly enhanced the antitumor potency of VSV(⌬51)-NIS but had no effect on the antitumor potency of VSV(⌬51)-GFP. Tumor sizes were compared between the various groups on day 20 after tumor implantation (Table 2) . Kaplan-Meier curves showed median survivals of animals treated intravenously with VSV(⌬51)-NIS were prolonged significantly by the addition of 131 I, from 28.5 to 35 days in the group that was treated intravenously (P ϭ .02). These data show that VSV(⌬51)-NIS is able to arrest tumor growth in immune competent mice and exhibits increased potency when combined with 131 I. We next evaluated the potential synergy of VSV(⌬51)-NIS and 131 I in immunocompetent C57BL/KaLwRij mice bearing orthotopic 5TGM1 tumors. Single-agent VSV(⌬51)-NIS therapy prolonged survival from 30 to 33 days ( Figure 7A ). Radiovirotherapy prolonged the median survival to 38.5 days (P ϭ .001, compared with 131 I control (P ϭ .041) compared with single-agent VSV(⌬51)-NIS ( Figure 7A ). Serum paraprotein levels were measured to monitor myeloma progression in these mice ( Figure 7B ). On day 12 after myeloma engraftment, the paraprotein levels were comparable between groups (n ϭ 4/group) and ranged from 3.2 to 3.9 g/L (data not shown). On day 29, at which point most of the control mice injected with PBS or 131 I showed terminal paraplegia, the IgG2b levels were 7.5 (Ϯ 0.9) g/L, 6.4 (Ϯ 0.5) g/L, and 4.9 (Ϯ 0.6) g/L, respectively, for the mice injected with PBS, VSV(⌬51)-NIS, or VSV(⌬51)-NIS plus 131 I. Thus, the VSV(⌬51)-NIS virus was able to inhibit myeloma progression in vivo and this inhibitory effect was more pronounced with 131 I.
Discussion
Here we report for the first time a novel recombinant virus, VSV(⌬51)-NIS, and demonstrate that it can be used for its oncolytic and imaging properties in multiple myeloma.
Pathogenic strains of VSV generally cause mild benign infections in humans. 36 However, similar to other RNA viruses, VSV shows neurotropism if given direct access to brain tissue. In immunodeficient mice, VSV infections are associated with fatal meningoencephalitis, 37 whereas immunocompetent mice can clear the virus before neurotoxicity is seen, at least at lower challenge doses. Efficient viral clearance is dependent on activation of innate and adaptive immune responses. Wild-type strains of VSV are poor inducers of IFN-␣/␤ 38 because the VSV matrix (M) protein blocks expression of interferon stimulated genes by binding to a nuclear RNA export factor RAE1 (MRNP41). 39 VSVs carrying certain mutation(s) or a deletion in the M protein [eg, M51R, 35,40 V221F, S226R, or ⌬51 26 ] cannot suppress the cellular interferon response, and therefore grow poorly in normal tissues showing greatly reduced neurotoxicity but little reduction in their tumor-killing ability. 23, 33, 43 Other approaches to increase the therapeutic index of VSV include the generation of recombinant viruses engineered to express the mouse or human IFN-␤ genes 29 or prophylactic IFN-␣ treatment before challenge with wild-type VSV. 41, 42 Our in vivo studies show that 2 doses of VSV(⌬51)-NIS (5 ϫ 10 7 TCID 50 /dose) are well tolerated by bg/nu/xid mice.
The concept of radiovirotherapy for multiple myeloma was originally established using a recombinant measles virus coding for NIS (MV-NIS), 16 which is currently being evaluated in phase I clinical trials at Mayo Clinic. Compared with MV, VSV has a very rapid replication cycle time of 8 to 12 hours in permissive tumor cells. 43 In vitro studies using various cancer cell lines have shown complete killing by 48 to 96 hours after infection with VSV strains mutated in the matrix protein. 26, 35 Our in vitro studies show that VSV(⌬51)-NIS has slower growth compared with VSV-GFP. This may allow a longer period of expression of the NIS transgene in the plasma membrane prior to virus induced killing of the infected cells, thus enabling active concentration of iodide ions before the cell dies. 44 Because mouse cells lack MV receptors, in vivo studies of MV-NIS were conducted in SCID mice bearing human myeloma Virus was administered on days 12 and 13 (intratumorally or intravenously) and 131 I (1 mCi) was given intraperitoneally on day 14 after tumor-cell inoculation.
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For personal use only. on July 15, 2017. by guest www.bloodjournal.org From xenografts. 20 In contrast to MV receptors, VSV receptors are ubiquitously expressed on mouse and human cells. VSV(⌬51)-NIS was therefore studied in the murine 5TGM1 myelomamodel. 5TGM1 provides a valuable orthotopic model of multiple myeloma, allowing the study of myeloma cell growth and survival in a normal murine bone marrow microenvironment. 31, 45, 46 In addition to intratumoral injection, we studied systemic administration of VSV(⌬51)-NIS because myeloma is a disseminated malignancy and it is essential to develop therapeutic agents that can be administered systemically. Studies by other investigators have shown that systemic administration of VSV in mouse models can target both primary and metastatic tumors. 26, 29, 35, 47 Our in vivo studies show that intravenous administration of VSV(⌬51)-NIS resulted in infection and viral spread in subcutaneous myeloma tumors.
NIS imaging offers a convenient approach to noninvasively confirm correct localization of virus-or plasmid-encoded NIS gene expression before proceeding to 131 I therapy. 8 Numerous factors can influence NIS expression and hence the intensity of the NIS-mediated radioiodine image. Variable susceptibility of tumor cells to viral transduction and virus-mediated killing, variable rates of intratumoral virus propagation, variable tumor sizes and tumor injection techniques, and variable rates of tumor regression are just a few of the factors that influence the image signal intensity after treatment with an oncolytic virus expressing NIS. We performed serial imaging on mice bearing subcutaneous myeloma tumors on days 1 and 4 after VSV(⌬51)-NIS administration. A specific signal was detected in the myeloma tumors after injection of VSV(⌬51)-NIS but not in the control groups, allowing us to attribute the tumor specific signal to virus-driven expression of the NIS gene.
Several preclinical studies have demonstrated ablative effects of 131 I in tumor xenografts. 12, 15, [48] [49] [50] [51] [52] [53] Dosimetry calculations predicted that we would achieve cumulative radiation-absorbed doses to the VSV(⌬51)-NIS-infected myeloma tumors of approximately 11 to 18 Gy after a therapeutic dose of 1 mCi of 131 I-iodide. Beta particle crossfire is an important mechanism contributing to the antitumor activity of intratumoral 131 I. Each beta particle emitted by 131 I deposits its energy within a local area of 2 to 3 mm from the point of decay such that a field of beta particle crossfire can exist only in a large tumor with multiple foci of radioiodine accumulation. Three-dimensional spheroids have been thus used with NIS radioiodide approach to assess therapeutic efficacy. 54, 55 Tumor deposits in orthotopic myeloma models are typically very small (up to 2-mm diameter) even when the disease is far advanced. For this reason we focused our studies initially on mice bearing subcutaneous myeloma tumors with diameters of approximately 5mm. Because bg/nu/xid mice are hypersensitive to ionizing radiation and therefore unsuitable for radiovirotherapy studies, we used immunocompetent C57BL6/KaLwRij mice bearing subcutaneous 5TGM1 tumors. The results obtained in this model demonstrated the superior potency of radiovirotherapy compared with single-agent VSV(⌬51)-NIS. Despite our reservations because of the small size of tumor deposits in orthotopic myeloma models, we next extended our radiovirotherapy studies to the 5TGM1 syngeneic orthotopic murine myeloma model. 31 VSV(⌬51)-NIS alone did not significantly prolong survival in this model unless it was followed by treatment with 131 I. Several studies have shown that VSV provokes the production of neutralizing antibodies, and we are conducting studies to determine whether this will lead to attenuated antitumor potency in this model. 56 We are also testing strategies to suppress the anti-VSV immune response and to evade it by delivering the VSV inside infected cell carriers. 57 In conclusion, we have generated and characterized a novel oncolytic VSV encoding the NIS gene. Our results show that this agent can be safely administered by the intravenous route and has strong oncolytic activity against myeloma tumors. The NIS transgene can be used to image VSV(⌬51)-NIS-infected myeloma tumors by planar scintigraphy. Therapeutic potency was enhanced by combining VSV(⌬51)-NIS with 131 I in radiovirotherapy studies. VSV(⌬51)-NIS is a promising new experimental agent that should be further developed for the treatment of multiple myeloma. For personal use only. on July 15, 2017. by guest www.bloodjournal.org From
